Abstract A new notion-Maxwell displacement current on a potential barrier-is introduced in the structure-dynamic approach of nanoionics for the description of a collective phenomenon: coupled ion transport and dielectric-polarization processes occurring during the ionic space charge formation and relaxation in a nonuniform potential landscape. We simulate the processes: (i) in an electronic conductor (EC)/advanced superionic conductor (AdSIC) ideally polarizable coherent heterojunction, (ii) in a few strained monolayers of a solid electrolyte (SE) located between two AdSICs forming coherent interfaces with SE. We prove that the sum of ionic current over any barrier and Maxwell displacement current through the same barrier is equal to the current of the current generator. A "universal" dynamic response, Reσ*(ω)∝ω n (n < ≈ 1), was found for the frequency-dependent complex conductivity σ*(ω) for case (ii) with an exponential distribution of potential barrier heights in SE. The nature of the phenomenon is revealed. The amplitudes of nonequilibrium ion concentrations (and induced voltages) in the space charge region of SE change approximately as ∝ ω −1
Introduction
The canonical physical-mathematical formalism for the description of ion transport in solids [1] is based on the concept of a regular crystalline potential landscape, i.e., the heights η of potential barriers are const. As a consequence, ion transport characteristics (mean square displacement, diffusion coefficient, mobility, activation energy) have a clear physical meaning only at averaging in the scale much exceeding the length of an elementary ion jump Δ. However, the variation of η with a space coordinate x can be considerable in objects of solidstate ionics. For example, local regions with η variation ≈0.5 eV/nm exist in disordered solid electrolytes (SE) [2] [3] [4] and in crystals of superionic conductors (SIC) [5] . Various degrees of ordering occur near surfaces and in the region of interphase and intercrystalline boundaries [6] where specific ion dynamics can arise on the nanoscale [7] due to a nonuniform potential landscape. The interface structure exhibits itself in, e.g., frequency-capacitance characteristics of the electronic conductor (EC)/SIC heterojunctions [8] [9] [10] . The classification of solid ionic conductors [8] [9] [10] distinguishes a class of advanced superionic conductors (AdSIC) among SE and SIC because the AdSIC crystal structure is close to optimal for fast ion transport (FIT). The AdSIC crystal structure determines the record high level of ion transport characteristics. The FIT structure is a rigid sub-lattice of immobile ions in which crystallographic positions of hopping mobile ions are interconnected with each other by low potential barriers (conduction tunnels). The number of such positions in conduction tunnels is several times larger than the number of mobile ions. The network of crystallographic tunnels with potential barriers about 5 k B T (300 K) exists in AdSICs.
In physical chemistry and electrochemistry, much attention is given to static properties of equilibrium distribution of ionic space charge in an electric double layer (EDL) [11] [12] [13] [14] [15] [16] . A fewer number of works is devoted to the EDL dynamics on a blocking electrode especially under conditions of steric effects, when changes in mobile ion concentrations near the electrode is limited by the number of available sites in an electrolyte [14, 15, 17] . In [18] a frequency-dependent polarization length Λ(ω) as well as two characteristic frequencies corresponding to the charge relaxation in the dense and diffusive layers of EDL were introduced to consider the dynamic properties (at impedance boundary conditions) in terms of the Debye screening length. In [19] , the attention is drawn to the fact that the Maxwell displacement current should be taken into account in the process of EDL charging. However, this fundamental current has not been even mentioned in the reviews [2] [3] [4] devoted to multiple-aspect discussions on dynamic properties of solid ionic conductors.
Recently, a structure-dynamic approach [20] [21] [22] [23] [24] [25] has been proposed for further development of nanoionics [26] , particularly, for a detailed description of processes in the region of EC/AdSIC coherent ideally polarizable heterojunctions. The approach includes a structural atomic model of heterojunction, a method of "hidden" variables and a physico-mathematical formalism which operates by "hidden" variables. The model considers ion transport processes in the EDL region as the movement of mobile ions in the crystal potential landscape of a "rigid" sub-lattice distorted on the heteroboundary. The model describes the ion transport in terms of mobile ion concentrations n j on the crystallographic planes X j of an ionic conductor in the region of a nonuniform potential landscape. The X j planes are perpendicular to the direction of an electric field and correspond to the minima of potential landscape. At present, nonequilibrium values of these n j concentrations cannot be determined experimentally; therefore, we call them "hidden" variables. The physico-mathematical formalism is based on the principle of a detailed balance and the kinetic equation in the form of the particle conservation law. Computer experiments showed [21] [22] [23] [24] [25] that energy dissipation on potential barriers in the fine structure of an ionic space charge on EC/SE heterojunctions decreases considerably with an increase of the current generator frequency ω. So, the character of a heterojunction response to an external ac influence changes from resistive (ionic currents over barriers) to dielectric; therefore, local Maxwell displacement currents should be taken into direct account in nanoionics.
This work continues to develop the structure-dynamic approach [20] [21] [22] [23] [24] [25] which is used here to model processes (i) in the region of space charge on an ideally polarizable (blocking) heterojunction EC b /AdSIC and (ii) in a model nanostructure, representing a few strained monolayers (with total thickness L) of SE placed between two AdSICs that form coherent interfaces with SE. To determine the new elements necessary for the development of a generalized FIT theory on nanoscale, we introduce a new concept, i.e., the Maxwell displacement current on a potential barrier, to describe local ion transport and dielectric-polarization processes during space charge formation and relaxation in a nonuniform potential landscape.
The model of a nonuniform potential landscape for a coherent heterojunction
The theory of dynamic response of an ionic conductor (with high variation of η value on the nanoscale) is not developed yet. In this section, we briefly formulate a theoretical 1D hopping model of AdSICs with FIT tunnels and motivate the introduction of the local Maxwell displacement currents into the structure-dynamic approach of nanoionics.
The coherent (structure-ordered) EC b /AdSIC ideally polarizable heterojunction is marked in Fig. 1a [27] and with the direction of an electric field in EDL. Structural coherence of EC b /AdSIC means that the mismatch elastic deformations in the interface region (SE region) do not cause essential changes in the structure of the rigid sub-lattice of AdSIC which defines the 1D FIT tunnels. However, the mismatch deformations (less than 3-5 %) can cause significant changes in the potential landscape inside tunnels [28] . It allows us to distinguish the SE interface region and AdSIC in a volume where the crystal structure is close to optimal for FIT. The influence of an external alternating (or impulse) current on EC b /SE-AdSIC heterojunction generates a nonequilibrium distribution of ionic space charge in a nonuniform potential landscape (SE region). At relaxation, this space charge is transformed into an ionic plate of EDL.
The proposed structural model of a heterojunction partitions the 3D space of an ionic conductor (adjacent to EC b ) into a number of planar layers (layers between neighboring X j and X j+1 planes), just as the model [11] [12] [13] of layered lattice gas does in the equilibrium EDL theory. Unlike [11] [12] [13] , the X j planes in our model also correspond to the minima of a nonuniform potential landscape for ions of mobile kind [20, 25] .
For the model of coherent heterojunction EC b /SE-AdSIC (Fig. 1) , the number of layers equals M. The nonuniform potential landscape η(x) extends from EC b along the x-coordinate for several nanometers, which is determined by the influence of interface atomic structure. The coordinate x 0 =0 corresponds to the surface of EC b blocking electrode and x= x M corresponds to the right edge of the nonuniform potential landscape. The symbol η j,j+1 denotes the height of a potential barrier (maximum of potential energy in eV) between neighboring minima "j" and "j+1." The barrier minima η(x j )=0 are located in the points x j (j=1,2…M), and the maxima are in (x j −Δ/2) along the x-coordinate, where Δ=x j+1 −x j . The η value decreases with increasing "j", i.e., with the distance from x 0 . The value η becomes equal to the barrier height η v in the AdSIC bulk (at x=x M −Δ/2). Along the y and z-coordinates the quantity η (x j −Δ/2, y p , z q ), like along the xcoordinate, is a discrete function (p and q are integer numbers from 1 to ∞) determined by the AdSIC periodicity. The values of η (x j −Δ/2, y p , z q )=η (x j −Δ/2) for any p and q, i.e., layers between planes with coordinates x j and x j+1 are considered as macroscopic along the y-and z-coordinates. Therefore, in the Cartesian xyz-system, the state of a mobile cation is uniquely determined by the x j coordinate of the X j plane. Such presentation was chosen because FIT "tunnels" in the rigid sublattice of AdSIC are of definite crystallographic direction with low potential barriers. The 1D approximation catches the main peculiarities of ion transport in ionic conductors with conduction tunnels. Figure 2 graphically presents the movement of mobile silver cations through vacant tetrahedral positions in a rigid sub-lattice formed by iodine anions in the α-AgI AdSIC. The concentration of vacant positions available for Ag + cations (n*) is six times larger than the total number of cations. The projection of a "zig-zag" movement of Ag + in FIT tunnels coincides with the electric field direction.
The proposed structural model simplifies the problem of presentation of a real crystal structure with FIT tunnels. We suppose that the chemical potential of cations does not depend on the coordinate x j , without external influence of the current generator on the X 0 and X M edge planes of a heterojunction. Therefore, the initial equilibrium concentrations of cations equal n 0 on all X j (j=1,2…M) planes. This group of planes is denoted by {X j }. The current generator specifies a current density on the X 0 and X М edge planes of EC b /{X j } model nanostructure which leads to changes in the concentrations of mobile cations on all X j planes due to a long-range electric field. In a nonuniform potential landscape, the changes of concentrations n j are different, indicating that a nonequilibrium ionic space charge appears. The group of these concentrations is denoted by {n j }.
For a detailed description of interconnected ion transport and dielectric-polarization processes in a nonuniform potential (001) landscape (collective phenomena on the nanoscale in a dynamic system), the proposed structure model was combined with the physico-mathematical formalism operating with {n j } [20, 25] . This is structure-dynamic approach in nanoionics [25] . In the section below, the basic points of formalism of this approach are briefly considered.
The basic points of the formalism of the structure-dynamic approach
The motion of classical particles performing a random walk in the lattice (stochastic processes over discrete states) is described by the kinetic equation and detailed-balance relation [25] dP i =dt ¼ ∑ P j w j→i −P i w i→ j À Á ; i≠ j; i; j∈S ð1Þ
where values w i→j dt are the probabilities of transitions between the local states i↔j (S is a linear ordered set) in the time interval dt, value k B is the Boltsman constant and T is temperature (in K). The transitions i↔j are regarded as instantaneous events. For EC b /{X j } heterojunction, only transitions of particles between the adjacent planes X j ↔X j+1 over the barriers η j,j+1 are possible. Therefore, P j is the probability to find a cation in X j , and (E j −E j+1 ) is the energy difference for adjacent states of mobile cations.
The principle of detailed balance is valid for the Markov stochastic processes which statistical properties in the time t*+dt (dt>0) depend only on the processes at t*. For the Markov processes in the EC b /{X j } nanosystem, the proportionality condition P j (t)∝n j (t) is satisfied because P j (t)=n j (t)/ Σn j , where n j are time-dependent concentrations of mobile cations in the potential relief minima x j (j∈S). The sum Σn j is determined by the current generator affecting a nanosystem.
After some assumptions (relating to w), the kinetic equation and detailed-balance relation were written in [25] as the conservation law of mobile cations (the ionic current edn j /dt through the X j plane):
where f j→j+1 is the frequency with which cations reach the potential barrier top at attempts of j→j+1 transition, and ρ j+1 designates the probability of vacant positions on the X j+1 plane. The structure-dynamic approach assumes that an effective uniform electric field along the x axis operates in the layer between X j and X j+1 planes [20, 25] . The value of f j→j+1 depends on the initial η j,j+1 and on t through an electric field additive (Ω j+1,M ) to η j,j+1 :
where ε j,j+1 is the effective dielectric susceptibility of the layer between X j and X j+1 planes, ε 0 is the electric constant, and e is the absolute value of an electron charge. The values ε j,j+1 are determined by cation displacement in the potential relief minima at the electric field strength of a unitary value. Therefore, dielectric polarization connected with mobile ions should increase with a reduction of the potential landscape depth (ε j,j+1 ∝1/η j,j+1 [10] ). The equations of (3) type for j=1 and j=M contain the terms corresponding to two boundary conditions for current density on the left and right edges of the model nanostructure. The terms in (3) represent the cation current densities with a sign defined by "from j minimum" (sign minus) or "into j minimum" (sign plus).
Equation (3) can be expressed through the current densities which signs are defined relatively to the +x axis direction [25] . Namely, the values en j f j → j +1 ρ j +1 ≡I j → j + 1 >0 are the ionic current densities over the barriers η j,j +1 in the +x direction (as the arrow indicates in I j → j +1 ); the values −en j f j → j − 1 ρ j − 1 ≡I j − 1 ← j <0 are the ionic current densities over the barriers η j − 1,j in the -x direction (as the arrow indicates in I j − 1 ← j ). Similarly, two other terms in (3) can be written as
where y j ≡(n j −n 0 )/n 0 are dimensionless variables (relative change of the concentration of mobile cations on X j ). The sums I j→j+1 +I j←j+1 ≡I j,j+1 (or I j−1→j +I j−1←j ≡I j−1,j ) are the resultant densities of cation currents over potential barriers separating the X j and X j+1 (or X j−1 and X j ) planes. The sign "minus" of I j,j+1 in (5) means that the cation concentration on the X j plane decreases if the resulting current vector I j,j+1 coincides with the +x direction.
Objects and conditions of computer experiments
Let us consider the objects and conditions of computer experiments.
1. Consider first crystallographically narrow coherent EC b / SE-AdSIC heterojunctions with a varying η value ≈0.5 eV/nm for which stresses and corresponding deformations extend from the boundary to a distance not longer than several lattice parameters [29, 30] . The idea of using coherent EC b /SE-AdSIC heterojunctions for the creation of micron-size supercapacitors with high frequency-capacitance characteristics (nanoionics supercapacitors) was put forward in 2003 [31] . The change in potential barrier heights at the EC b /SE-AdSIC in the EDL region was taken equal to 0.5÷0.1 eV (Fig. 3) , which corresponds to the experimental data in [10] , where prototypes of nanoionics supercapacitors on the basis of AdSIC were created and investigated.
In the region of an EC b /SE-AdSIC heterojunction, mobile cations overcome a sequence of 27 potential barriers. Assume that the misfit stresses on the EC b /{X j } coherent heterojunction disappear at distances ≈2 lattice parameters (≈1 nm for α-AgI AdSIC). A major drop of η (Fig. 3) occurs at this distance. The envelope of barrier heights on the EC b /{X j } is the exponent that minimizes the number of model parameters
where a 1 =0.1 eV and b 1 =0.4 eV. The "a" parameter determines the barrier heights η j,j+1 in the AdSIC volume and the a 1 +b 1 sum defines the height of the largest barrier η 1,2 in the sequence of planes{X j } (j=1,2…28). The value c=7 gives the envelope value equal to the barrier heights in the AdSIC volume. The boundary electrode EC b is denoted as X 0 . The X 28 plane of a rigid AdSIC sub-lattice situated in the place where the height of potential barrier η 27,28 reaches the value equal to that in the volume ≈0.1 eV. The boundary plane X 28 can also be considered as an ideal kinetically reversible electrode EC r on which direct and reverse electrochemical reactions of mobile cations occur at infinitesimal overvoltage (electrode impedance equals zero). The external influence on EC b /SE-AdSIC heterojunction was induced by a current generator operating in the galvanostatic mode. 2. A few strained monolayers of solid electrolyte (SE) located between two AdSICs forming coherent interfaces with SE. Crystallographically narrow coherent heterojunctions of the AdSIC/SE/AdSIC type are used for modeling of the processes in a nonuniform potential landscape (arising due to an exponential drop of elastic stresses in SE). The strain and strain-barrier height η j,j+1 correspond to these stresses. The set of potential barriers in the AdSIC/SE/ AdSIC nanostructure is presented on the Fig. 4 . The edge barriers η 1,2 =0.2 eV and η 27,28 =0.2 eV belong to AdSIC with the potential barriers 0.1 eV in the volume. We consider the edge interfaces between AdSICs and SE as coherent and ideally reversible electrodes for mobile ions. Such objects with a nonuniform potential landscape are hard to study by impedance spectroscopy. This method gives coarse averaged data (on volume and time) for interconnected ion transport and dielectric-polarization parallel-serial processes (collective phenomenon). External influence on the AdSIC/SE/AdSIC nanostructure is specified by an ac current generator with the amplitude of current density I 0 =const (ω). The radian frequency ω was in the range of impedance spectroscopy.
Computer experiments were performed in the "Wolfram Mathematica" package.
Maxwell displacement current on a potential barrier
The electric field strength F j+1,j in a layer between X j and X j+1 planes satisfies the Gauss law [20, 25] 
The total charge en 0 Σy k on an ideally polarizable heterojunction is created by a current generator. The sign "minus" in Eq. 7 shows that at y k <0 (deficit of cations on {X k } planes), the F j,j+1 vector and the +x direction coincide. The vector of electric induction in the layer between X j and X j+1 planes is given by the equation
The local Maxwell displacement current I Dj,j+1 on the barrier η j,j+1 can be determined through the time derivative of the x -component of the D j+1,j vector I Dj; jþ1 t ð Þ≡ dD jþ1; j dt ð9Þ Computer experiments in terms of the structure-dynamic approach showed that the displacement current I Dj,j+1 satisfies, with an accuracy of more than 10 −5 %, the condition of a circuit closed on a current generator
i.e., the sum of a resultant cation current I j,j+1 and a displacement current I Dj,j+1 on a barrier η j,j+1 equals an external current I M (t) which is created by a generator on the hetero boundaries.
Equation 10 can be proved analytically (Appendix). This means that the structure-dynamic approach should include conditions that would make Eq. 10 to be valid for any potential barrier η j,j+1 on an ideally polarizable heterojunction.
Computation data and their discussion
Modeling of processes in the galvanostatic mode Figure 5 presents the calculated data for the time dependence of capacitance C, Maxwell displacement currents I Dj,j+1 (t) and resultant ionic conductivity currents I j,j+1 (t) corresponding to the charging of an EC b /{X j } (j=1,2…28) in the galvanostatic mode: I(t)=const at t>0 and I(t)=0 at t≤0. The computations were performed assuming that the charge accumulated on the heterojunction is small (steric effects are absent). It is a condition (11) Z
The calculations show (Fig. 5) that the conditions of a closed circuit (10) hold for six highest barriers η j,j+1 of the EC b /{X j } heterojunction (Fig. 3) . It is seen in Fig. 5 that the displacement currents I Dj,j+1 (t) dominate over the ionic conductivity currents I j,j+1 (t) at small t. The condition I Dj,j+1 =I j,j+ 1 is reached at the characteristic time t* j,j+1 depending on the barrier height η j,j+1 . At t≫max t* the space charge on the heterojunction is characterized by a stationary nonequilibrium distribution with y j /y j+1 ≈const. Capacitance C, determined by the ratio of the accumulated charge to the voltage on the heterojunction, depends on η j,j+1 due to the proportionality ε j,j+1 ∝1/η j,j+1 [10] and reaches its maximum at t max >t* 1,2 where the t max value depends on the external current I(t) because of the steric effect.
The data obtained suggest that the heights of potential barriers η j,j+1 in the region of a heterojunction should be small in nanoionic devices with high frequency-capacitance characteristics. Small η j,j+1 values can be achieved by the choice of contacting materials, i.e., EC b /AdSIC, and creation of a coherent (semi-coherent) heteroboundary [8, 27, 31] .
The processes modeled in this work, in which the displacement currents I Dj,j+1 and ionic conductivity currents I j,j+1 are interconnected, are determined by a mutually consistent behavior of "hidden" variables-the concentrations of mobile cations n j (t) in the minima of a potential landscape (X j planes with coordinates x j ). Static steric effects [14, 15] as well as dynamic ones can be modeled in the frame of the structuredynamic approach. Static effects become appreciable when sufficiently large part of cations leave the potential minimum with j=1, nearest to the EC b . In this case, the cations begin to leave the minimum with j=2 also. Steric effects become pronounced when a space charge capacitance C passes through a maximum at the condition , T= 300 K). The marker numbers from 1 to 6 correspond to the ionic current I j,j+1 /I(t) over barrier η j,j+1 (j=1,2,…6), the marker D corresponds to normalized Maxwell displacement current I Dj,j +1 /I(t) through barrier η j,j+1 (j=1,2,…6), the marker 0D corresponds to normalized Maxwell displacement current between the EC b and nearest to EC b minimum potential landscape (X 1 plane with coordinate x 1 ) Fig. 4 The nonuniform potential landscape of model AdSIC/SE/AdSIC nanostructure, i.e., a few strained monolayers of a solid electrolyte (SE) located between two AdSICs forming coherent interfaces with SE However, for obtaining correct data on steric effects under strongly nonequilibrium dynamic conditions, it is necessary to determine the errors connected with the application of the detailed-balance principle. In this work, in modeling the dynamic processes, the condition ∫ 0 t I(t)dt<<en 0 (11) is fulfilled. This permits the principle of detailed balance to be correctly used. Figure 6 shows that at t≈0 relative changes in the cation concentrations y j (t)≡(n j −n 0 )/n 0 on the X j planes with small j indices (e.g., j=1, 2, 3, and 4, large η j,j+1 ) occur without a lag relatively to changes of y j (t) with large indices (e.g., j=8 and 9, small η j,j+1 ) during a heterojunction charging by a current step (galvanostatic mode). This means that the long-range electric field created by ionic charge of the X 28 edge plane determines EDL relaxation at t≈0.
The polarization length (λ) which is often used to characterize the layer thickness of an ionic space charge in electrochemistry can be connected with the position of the center of mass of mobile cations in EDL (Fig. 6 ). The conditions y j+1 (t)=y j (t), i.e., points of crossing of adjacent curves in Fig. 6 , give rough estimates of time-dependent λ(t). We propose to determine λ(t) from the formula of the mass center position of a space cation charge calculated with respect to the X 0 planes, i.e., the EC b surface
Replacing "t" by "2π/ω" in Eq. 13, the frequencydependent polarization length Λ(ω) is
The polarization length λ(t) tends to the length of charge screening λ ∞ at t≫t* 1,2 (characteristic time for the highest barrier). Calculations of free relaxation of a nonequilibrium space charge on the EC b /AdSIC (i.e., under the condition eΣn i = const) show [22, 25] that the capacitance of a heterojunction is an increasing function of time, like in the case of galvanostatic charging. This capacitance behavior agrees with a great number of experimental data reported in the literature (e.g., [10, 32, 33] ). On the other hand, the description of space charge relaxation in terms of the structure-dynamic approach disagrees with the interpretation in [32, 33] based on the model of EDL adsorption relaxation and the concept of minor charge carriers. According to that model, large adsorption capacitance C ad =const (C ad ≫C= const) and the Warburg impedance are introduced into equivalent electrical circuits of EC b /AdSIC heterojunctions to fit the calculated and experimental data on the response of blocking heterojunction to low-frequency external influence.
Jonsher's "universal" dynamic response in nanoionics Introduction of the notion of the local Maxwell displacement currents [22, 24] into the nanoionics concept [26] permits to give a new viewpoint on the dynamic phenomena and effects which nature and mechanisms remain poorly understood. One of still unsolved problem of solid-state ionics is the "universal" dynamic response.
Since the review by A.K. Jonsher [34] , the frequency dependence of a linear electric response attracts much attention and has been considered fundamental until now [35] [36] [37] [38] [39] [40] [41] . This led to the appearance of a new field of investigations. Its subject is the dynamics of ion transport in solids [2, 4, 35] . The discovered power law of the real part of frequency-dependent conductivity Reσ*(ω)∝ω n (n <≈1) is usually used in standard interpretations in materials science and solid-state ionics [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . However, understanding of the dynamics of ion transport in disordered materials, i.e., FIT on nanoscale (nanoionics), remains an unsolved problem. The situation can be explained by the fact that existent experimental data cannot be interpreted unambiguously. A widely used and most informative method of impedance spectroscopy gives experimental data which are roughly volume and time averaged. At averaging, a large amount of information (which reflects interconnected local processes of ion transport and dielectric polarization [54, 55] ) is lost. Figure 7 presents the results of computer modeling of the ac current generator influence (amplitude current density I 0 = const) on the formation of ionic space charge, which occurs in the region of a nonuniform potential landscape in the AdSIC/ SE/AdSIC nanostructure of L width.
The value of Reσ*(ω) for the AdSIC/SE/AdSIC varies with the frequency ω approximately by the power law ). The graph number corresponds to the index j of a minimum potential landscape. Right ordinate shows the calculated center λ(t) of mass of mobile cations in EDL (in the units of x/Δ, i.e., j index)
where n <≈ 1 in a wide frequency range. Thus, the real part of frequency-dependent complex conductivity derived by the structure-dynamic approach is consistent with what is known as Jonsher's "universal" dynamic response. It may be considered as a proof of the validity of the used approach. Analysis of the considered phenomenon (power law) in terms of hidden variables n j (nonequilibrium concentrations of mobile ions on the crystallographic planes X j in the region of a nonuniform potential landscape) shows:
(i) The charge density on X j planes, i.e., q j =e (n j −n 0 ), varies as integral under the influence of an external ac current
The integration with respect to t gives q j ∝1/ω;
(ii) The charges q j determine the voltage between the X j and X j+1 planes and, as a result, the amplitude of V 0 total ac voltage varies approximately as 1/ω; (iii) The amplitude V 0 (ω) makes a dominant contribution to Reσ*(ω); (iv) The phase shift φ between the current generator I (t)= I 0 e iωt and voltage V 27,1 (t)=V 0 e i(ωt+ φ) on the model nanostructure is determined by averaging a set of local parallel-serial processes of ionic transport and dielectric polarization, i.e., interconnection of local conductivity currents and the Maxwell displacement currents. Figure 8a -c presents the distribution of the Maxwell displacement currents for a nonuniform potential landscape in the region of AdSIC/SE/AdSIC nanostructure for three frequencies of the current generator (ω 1 ≫ω 2 ≫ω 3 ) at the condition (10): I(t)=I j,j+1 (t)+I Dj,j+1 (t).
Comparison of Fig. 8a -c with the data in Fig. 7 shows that the cosine of φ weakly depends on ω in the cases when the local Maxwell displacement currents and ionic conductivity currents are of the same order in a set of potential barriers in the region of a nonuniform potential landscape. The power law holds in a wide frequency range if the difference of potential barrier heights is rather large, whereas the distribution of barriers in height (not spatial disorder in potential landscape) is rather smooth. The Fig. 8a-c shows that the deviation from V 0 ∝1/ω is defined by an increase of the width of a space charge region with the ω increasing. ), 4−cosφ where φ is the phase shift between current density and voltage on the edges of the AdSIC/SE/ AdSIC nanostructure Fig. 8 The ratio (violet color) of amplitudes of the Maxwell displacement currents I Dj,j+1 on potential barriers to amplitude I 0 of current (current generator) for the AdSIC (j=1)/SE (j=2÷26)/AdSIC (j=27) nanostructure with a nonuniform potential landscape (pink color): a the current generator with frequency ω/2π=0.01 Hz, cosφ=0.383; b ω/2π= 10 Hz, cosφ=0.156; and c ω/2π=50 kHz, cosφ=0.129
The influence of spatial disorder of barriers on the behavior of Reσ*(ω) is weak, an appropriate consideration is beyond the scope of this work.
Conclusions
A simple theoretical approach to the nanoscale dynamic modeling of ion transport in a nonuniform potential landscape is generalized by including a new notion-the Maxwell displacement current on a potential barrier. "Simple" means that the approach is based on clear physical approximations, easily simulates a wide range of dynamic and static ion transport properties and collective phenomena, while calculated results are in good agreement (without a large number of fitting parameters) with the known literature experimental data.
The work proves (analytically and in computer experiment) that the Maxwell displacement current I Dj,j+1 (t) on any potential barrier together with ionic current I j,j+1 over the same barrier satisfy the condition of an electric circuit closed on a current generator with current density I(t), i.e., for any barrier η j,j+1 the equality I(t)=I j,j+1 (t)+I Dj,j+1 (t) holds.
In the literature, Jonsher's "universal" dynamic response is referred as a fundamental problem of solid-state ionics and materials science. The application of the structure-dynamic approach for simulation of coupled ion transport and dielectric-polarization processes (collective phenomena) in the region of a nonuniform potential landscape clearly points out the factors and conditions which define the origin of Jonsher's power law in model nanostructure, i.e., Reσ*(ω)∝ω n (n <≈1) in the behavior of the real part of frequency-dependent complex conductivity σ*(ω).
